Information about medication safety in pregnancy is inadequate. We aimed to develop a signal detection methodology to routinely identify unusual associations between medications and congenital anomalies using data collected by 15 European congenital anomaly registries.
Introduction
Organogenesis occurs during the first trimester of pregnancy. This period is uniquely vulnerable to disruptive effects caused by teratogens, which can lead to congenital anomalies (CAs). Several prescription medications have been identified as being teratogenic, such as thalidomide [1] and valproic acid [2] . However, the aetiologies of most non-syndromic structural CAs remain incompletely understood and most are thought to result from a complex interplay between genetic, epigenetic, environmental and lifestyle factors [3] . Little is known about the safety of new medications in pregnancy. This is because, due to ethical considerations, pregnant women are not involved in pre-marketing medication safety studies. Additionally, medication safety studies in animals cannot accurately predict human teratogenesis. For example rodents are insensitive to isotretinoin, which is highly teratogenic in primates and humans [4] . Since 1980 the mean time taken to determine teratogenic risk for prescription medications approved by the Food and Drug Administration (FDA) has been 27 years [5] .
Two studies estimated that 57% and 79% of pregnant women in the Netherlands and Norway, respectively, were exposed to prescription medications some time during pregnancy and 44% and 33%, respectively, in the first trimester [6, 7] . In addition to medication required for acute conditions, pregnant women with chronic diseases such as epilepsy, asthma and severe depression need to take their medication. Women may also inadvertently take medication during early pregnancy as an estimated 50% to 60% of European pregnancies are unplanned [8] .
Reports on many teratogenic medications have been from spontaneous reports on specific CAs, rather than systematic pro-active surveillance [9] . For example thalidomide was brought to the attention of the scientific community by Dr McBride in the Lancet [10] . These suspected teratogens have then been investigated with case-control study designs.
To attempt to identify teratogens in a timely manner, international hypothesis generating studies on spontaneous reports have been performed using the Uppsala Monitoring Centre's VigiBaseTM [11] , the European Medicines Agency's EudraVigilance [12] and the FDA's Adverse Event Reporting System (FAERS) [13] databases. All possible medicationadverse medication reaction combinations are considered and data mining algorithms have been developed using the proportional reporting ratio (PRR), the reporting odds ratio (ROR), the information component (IC) and the empirical Bayes geometric mean (EBGM) to identify those most likely to be true associations (signals) [13] .
Spontaneous reports are limited by a number of factors including potential duplicates, large scale underreporting and biased reporting (e.g. after media attention) [14] [15] [16] . The underreporting of adverse medication reactions to spontaneous reporting systems has been estimated at 94% (95% CI 82, 98%) with no differences detected between general practice and hospital based studies [17] . These systems also often lack detailed information on CAs or the gestational age at which the medication was taken.
An alternative method of identifying teratogens is to use patient registries, for example EURAP (an international registry of anti-epileptic medications and pregnancy in which pregnancies to mothers taking anti-epileptic medications are registered before 16 weeks gestation and their outcomes followed-up) [18] , to compare the risk of major CAs following maternal intake of different medications. These registries do not have the same issues of bias as the spontaneous report systems as women are registered before the outcome of pregnancy is known, but their results are limited to certain medications or classes of medications.
CAs are rare, affecting approximately 2-3% of new-borns. The prevalence of specific CAs is even rarer with even wellknown anomalies such as spina bifida affecting less than five per 10 000 pregnancies [19] . Large databases that cover millions of births are therefore necessary for meaningful analysis exploring the aetiology of CAs.
The aim of EUROmediCAT is to build a European population-based reproductive pharmacovigilance system. Such a system needs to be capable of signal detection and signal strengthening and evaluation, in a timely manner. We report here the development of a systematic signal detection algorithm to identify potential signals. This builds on previous research [20] , but we apply here a statistical methodology to deal with the problem of multiple testing, analyze a large and high quality database (including also terminations of pregnancy for foetal anomaly) and look systematically across all medication exposures recorded rather than common exposures or exposures of prior interest. We report here the statistical methodology and assess its validity by comparing the results with known associations already reported in the literature [21] . The validation of the individual signals found and their correspondence with current scientific knowledge is reported in an accompanying paper [22] .
Methods

Study population and database
EUROmediCAT is built upon the European Surveillance of Congenital Anomalies (EUROCAT) network [23] . EUROCAT registries are population-based and record all CAs occurring in foetuses that result in a live birth, foetal death from 20 weeks of gestation or termination of pregnancy following prenatal diagnosis. All the members of EUROCAT use similar inclusion criteria and have a consistent approach to data collection, coding and recording, which is monitored using data quality indicators [24] . Up to nine CAs coded according to the International Classification of Diseases (versions 9 and 10) and an unlimited number of medications taken during the first trimester coded up to seven digits (97%) using the Anatomical Therapeutic Chemical (ATC) classification can be registered. The ATC classification system is a WHOcontrolled hierarchical medication classification system. ATC codes can be up to 7 digits, with the first five digits (ATC-4 level) representing chemical subgroup and all seven digits (ATC-5 level) representing chemical substances. Text information is available for each anomaly and each medication exposure. Additional data collected for CA registrations is described in detail in EUROCAT Guide 1.3 [25] .
The signal detection dataset included all foetuses with CAs (excluding genetic conditions [25] ) exposed to at least one medication in utero (excluding folic acid, minerals and/or vitamins) born between 1995 and 2011 from 15 registries in 13 European countries (Table 1) , which participated in EUROmediCAT. Foetuses with isolated congenital dislocation of the hip were also excluded since the aetiology is mechanical, rather than potentially teratogenic.
Foetuses with only the following medication exposures were excluded from the study: 
Cases and controls
For each specific CA, cases were foetuses with the specified CA from one of 57 EUROCAT pre-defined CA subgroups [25] and controls malformed foetuses without the specified CA. In addition to the 57 subgroups the EUROCAT coding committee recommended analysis of two new groups: laterality defects (atrial isomerism, dextrocardia, situs inversus, bronchopulmonary isomerism and asplenia and polysplenia) and neural crest defects (coloboma, Hirschprung's disease, Pierre Robin sequence, Goldenhar's syndrome, double outlet left/right ventricle, truncus arteriosus, interrupted aorta, double aortic arch, transposition of great arteries, Fallot's tetralogy and Arnold Chiari I/II malformations).
Exposure data
Registries collect medication exposures occurring during the first trimester of pregnancy, defined from the first day of last menstrual period up to the twelfth week of gestation [25] . Information on medication exposure was obtained mainly from obstetric/midwife records created before birth [26] . Additional data sources available for some registries included the medical records of the infant, records from the general practitioner, maternity passports and maternal interviews before or after birth [26] . In the northern Netherlands prescription data were used as an additional data source [26] . For Norway, the data normally transmitted to EUROCAT [26] were replaced by first trimester exposure from prescription redemption records. The EUROmediCAT project coded all medications from 1995 to ATC codes (previously this had only been done from 2005). Analysis was performed on ATC-4 exposures (chemical subgroup) and ATC-5 exposures (chemical substance group). ATC-4 codes were only considered if they yielded more exposures than corresponding ATC-5 codes. Information on dose and duration of medication exposure was not available for all registries. Medication exposure would include the woman taking a medication only once during the first trimester. Substances that can be coded using multiple ATC-codes were identified using a WHO supplied list and the multiple ATC-5 codes were replaced with the single substance name. ATC codes subject to alterations over time were retrieved from the WHO website [27] . For all ATC-5 alterations, the old and new ATC-codes were replaced with the single substance name. No ATC-4 codes in the dataset were subject to ATC alterations. ATC alterations with special notes were not considered and in the event that a single ATC-code was linked to multiple substances, the ATC-code was not replaced with either substance name. Medications with three or more exposed foetuses were investigated. A total of 693 unique ATC-4 and ATC-5 exposures satisfied the criteria described above and reached the threshold of three or more exposed foetuses. Foetuses only exposed to medications that did not reach this threshold are still included as controls.
Statistical analysis
Statistical analysis -Fisher's exact test. Analysis was performed by comparing the odds of exposure of the cases to the specific medication to the odds of exposure of the controls to the same medication using a one-sided Fisher's exact test. One-sided tests were considered appropriate as the study population includes only foetuses with a CA and if a medication reduces the risk of a CA, by definition there will be fewer cases in the study population and hence a low power to detect preventive medications. Any preventive associations identified were not examined as the study purpose was screening for teratogens. For each of the 40 887 analyses (59 unique congenital anomalies multiplied by 693 unique medications), registries without exposures and registries without cases were excluded for that analysis. A simple, non-adjusted Fisher's exact test was utilized to avoid overparametrized models (37 804 out of 40 887 combinations involved below three exposed cases for that specific anomaly) and since its simplicity suits the purpose of screening for, as opposed to supporting, teratogenicity. It was decided that adjusting for registry would exclude some analysis with small numbers of exposed cases and therefore the registry effect would be considered once signals had been identified. Outcomes are reported in P values and odds ratios (OR). For analysis of ATC-5 exposures, all pregnancies exposed to only the ATC-4 code corresponding to the first five digits of the ATC-5 code under analysis were excluded from cases and controls as the specificity of exposure could not be determined.
Statistical analysismultiple testing. A total of 59 CA subgroups and 693 medication groups were considered for 40 887 potential analyses. There were no data to perform 502 analyses after excluding registries without a specific exposure and without a specific anomaly. Therefore a total of 40 385 analyses were performed. The usual tests at a 5% level of statistical significance mean that 5% of all medication-CA combinations will have a statistically significant result by chance alone. For instance if 10 000 tests are performed an expected 500 will be statistically significant even if there are no true associations. If there is, for example, one true association amongst all these tests then it will be difficult to determine which is the true association amongst the 501 positive results. To overcome this problem, the false discovery rate (FDR) was controlled by applying the Simes multiple testing procedure [28] . The FDR is the proportion of false positives among total positives. In the above example, the FDR would be over 99% (500 out of 501). A pilot study based on a 25% sample of cases exposed to medications determined that a FDR of 50% was appropriate. Statistical analysis was performed using Stata 12.1 [29] .
Medication-CA combinations with less than three exposed cases were included in multiple testing, but not considered for follow-up as signals. These associations were retained in the multiple testing procedures as lack of low powered associations violates the underlying assumptions of the multiple testing procedures by strongly shifting the distribution of p-values towards zero.
Follow-up of signals. Signals belonging to medication groups which were being separately investigated as part of the EUROmediCAT project, anti-epileptic medications, insulin/insulin analogues, anti-asthmatic medications and selective serotonin re-uptake inhibitors and psycholeptics, were followed-up by the relevant EUROmediCAT working groups [30] . The remaining signals with a FDR of 50%, were investigated in greater detail and reported in an accompanying paper [22] .
Evaluation of the signal detection system. Evaluation of the signal detection system was performed by comparing the signals obtained with associations reported in a literature review by van Gelder et al. [21] from case-control studies. Associations confirmed in at least two studies and not refuted in studies involving ATC-4 or ATC-5 medication exposures were considered. Eight medication-CA combinations were used to evaluate the system including four for valproic acid and one each for naproxen, oxprenolol, phenytoin and progesterone [21] . While this list is not comprehensive it provides an objective set of known associations against which to evaluate the signal detection system. (Table 1) .
Results
Signal detection dataset
A further 10 655 foetuses with exposures of unknown timing and 2274 foetuses with exposures outside the first trimester were excluded, for a remaining dataset of 14 950 foetuses. In Poland and Wielkopolska over 84% foetuses were excluded. However the distribution of CA types was similar between retained and excluded foetuses, suggesting no bias in the selection of remaining foetuses. Amongst the 14 950 foetuses, 23 101 first trimester, ATC-coded non-topical medication exposures were recorded, for an average of 1.55 first trimester medication exposures per foetus ( Table 1) . The most common medication exposures were genitourinary system medications and sex hormones (n = 5256), nervous system medications (n = 4181) and anti-infectives for systemic use (n = 3847) ( Table 2 ). Approximately 3% of the ATC-codes were coded as ATC-4 codes (n = 668), rather than ATC-5 codes (n = 22 433).
A total of 410 ATC-5 codes, 223 ATC-4 codes and 60 substances with multiple ATC-codes in the data were eligible as exposure for analysis as at least three foetuses were exposed to each during the first trimester of pregnancy.
Among the 14 950 malformed infants, the most common anomalies were congenital heart defects (n = 5187), ventricular septal defects (n = 2563) and atrial septal defect (n = 1328) ( Table 3 ). Infants can have multiple anomalies and therefore be included in more than one CA subgroup.
Statistical analysis
Forty-thousand three hundred and eighty-five Fisher's exact tests were performed and a total of 1177 medication-CA combinations were significant at the 5% level ( Figure 1) . Figures 2 and 3 are 'smile plots' [30] in which the OR is plotted on the x-axis against the Fisher's exact P value on the y-axis for each medication anomaly combination. The red lines correspond to the corrected overall critical P values at different FDRs and datapoints above it correspond to rejected null hypotheses. This allows for instant visualization of both statistical significance and practical implication of test results. Using a FDR of 50%, a total of 30 exposure-CA combinations were considered signals for the ATC-4 level and aggregate medication group exposures (cut off P = 0.0011, Figure 2 ) and 24 exposure-CA combinations were considered signals for the ATC-5 level, which included chemical compounds with multiple ATC-codes (cut-off P = 0.0004, Figure 3 ). Of the 54 remaining exposure-CA combinations, two were excluded as there were less than three exposed foetuses (Figure 1 ).
Signal selection process
A signal selection process was performed to eliminate duplicate signals. Seven exposure-CA combinations based on an ATC-4 code were discarded as a more specific ATC-5 code was associated with the same CA. Three exposure-CA combinations involving an aggregate CA (e.g. neural tube defects) and a specific CA (e.g. spina bifida) were associated with the same medication. The associations with the aggregate anomaly were discarded. Finally, three of the remaining 42 exposure-CA combinations were protective and therefore discarded. A total of 39 exposure-CA combinations were considered signals. a The total number of foetuses is not the sum of all the numbers in this column as each foetus can be exposed to more than one medication 
Evaluation of the signal detection system
Of the 39 exposure-CA combinations, eight related to antiepileptics (of which two were valproic acid) which are well established to be teratogenic and 14 related to insulin, a marker of maternal diabetes which is well established to be teratogenic. Signals relating to the less well established effects of selective serotonin re-uptake inhibitors/psycholeptics and antiasthmatics were evaluated in parallel analyses of the database [31] . Other signals are discussed in an accompanying paper [22] .
Out of the eight van Gelder et al. [21] signals used to evaluate the system our methodology identified two of the valproic acid signals with a FDR of 50% (Table 4 ). The other two valproic acid signals were statistically significant at the 5% level. However their FDR values were above the 50% cutoff. Naproxen and progesterone had an increased OR but were not statistically significant although there were related signals for sex hormone medications. Oxprenolol and phenytoin had too few exposures to be analyzed (nought exposures and 18 exposures with one exposed case respectively).
Figure 1
Flow chart of congenital anomaly medication exposure combinations
Figure 2
Smile plot for the Simes multiple testing procedure for ATC-4 codes plus aggregate groups (n = 13 065 exposure-CA combinations; odds ratio truncated at 100 and P value truncated at 1.00E -10)
Discussion
This study showed a systematic process of selecting 39 signals out of a starting total of over 40 000 exposure-CA combinations, by controlling the FDR. Although signal detection using databases containing exclusively medication exposed cases of CAs is not novel (for example the SAFE-Med project [20] ), controlling the FDR is new in this context. The entire selection process can be automated, but signals generated require detailed follow-up [22] .
Statistical considerations
Due to the large number of analyses performed and therefore the large number of false positives expected when using the conventional 5% level of significance, multiple testing procedures were applied. Multiple testing procedures can be designed to control the familywise error rate or the FDR. Procedures controlling the familywise error rate, such as Bonferroni & Sidak, control the chance of even a single false positive result at a 5% level of significance [32] . Controlling the familywise error rate comes at a great loss of statistical Table 4 Evaluation of selected known medication-congenital anomaly associations identified by van Gelder et al. [21] ATC Medication
Congenital anomaly
Exposed foetuses in EUROmediCAT Smile plot for the Simes multiple testing procedure for ATC-5 codes plus substances with multiple ATC-codes (n = 27 320 exposure-CA combinations; odds ratio truncated at 100 and P value truncated at 1.00E -10)
power as the number of hypotheses in the family increases. An alternative was proposed by Benjamini & Hochberg [28] in controlling the FDR, rather than the familywise error rate. A number of alternatives are available for controlling the FDR [33] , of which the Simes procedure is more inclusive than others such as Yekutieli. It was decided to use the Simes method as we planned to follow-up the results and so missing potential associations was more of a concern than identifying potential false positives. Analyzing associations for more common anomalies (for example all heart anomalies) and common medications (for example aspirin) separately from the rarer anomalies and medication exposures was considered, as the more common associations have a much greater power for being detected. However analyzing the more common associations separately from the rarer associations could result in a biased set of data as a biased sample is removed from the data.
Three protective associations were identified: atrial septal defect in combination with G02CA (sympathomimetics, labour repressants), N02BE (anilides) and N02BE01 (paracetamol). The restrictions in this study of only including malformed foetuses and foetuses exposed to at least one medication means that the power to detect any protective associations is extremely limited. Protective associations are likely to arise either due to chance (with a FDR of 50%, 50% of observed associations are likely to have arisen by chance) or due to bias arising from the study design. For instance there is a strong association between valproic acid and spina bifida. If the association between valproic acid and a different anomaly is examined, the controls will include a large number of anomalies associated with valproic acid and the protective effect observed may actually be due to the large numbers of controls being associated with valproic acid. The fact that only three positive associations were identified demonstrates that it is not likely to be a problem in this population-based surveillance system.
Non-chromosomal controls were used rather than chromosomal controls. Although chromosomal anomalies are not caused by medication exposure during pregnancy and are well suited as controls, they are rarer than nonchromosomal anomalies. Chromosomal anomalies make up approximately 15% of all CAs [19] , thereby reducing the power to detect significant results. In addition statistical adjustment for maternal age is required when using chromosomal controls due to the link with maternal age and chromosomal anomalies and the frequent link between maternal age and medication exposure.
The multiple testing procedure was applied separately to aggregate medication groups including the ATC-4 codes, ATC-5 codes and chemical compound names. These sets of results were considered separately due to the overlap in cases between ATC-4 and ATC-5 codes.
A method based solely on automated statistical analyses is suitable for the first stage in signal detection in order to reduce the large number of 'statistically significant' associations to those that are more likely to be true associations (judged by the FDR). The selection of the cut-off value of the FDR is a trade-off between the proportion of false positives and false negatives. Too high a FDR will result in a large amount of work investigating associations and potentially causing unjustified anxiety amongst pregnant women. Too low a FDR will result in a failure to detect teratogenic medications in a timely manner. This means that the FDR cut-off should be re-evaluated regularly and depends on human resources available for follow-up of signals. However, this signal detection process is not the only analysis of the data. Each medication class is also separately analyzed in turn in detailed analyses emphasising hypothesis testing, limiting the implications of setting the FDR criterion too high.
The second stage in signal detection considers factors such as the quality of the data (including registry-effects), concomitant medication exposures and consistency with the literature, which are discussed in the accompanying paper [22] , as well as biological plausibility [34] .
Data in the signal detection dataset were supplied by a number of registries and differences in medication usage, coding and ascertainment between registries can lead to bias. For example certain medications are used only by women from specific registers. If these registers also have a higher prevalence of specific anomalies than other registers then it will appear that the medications are linked to those anomalies. It would be advantageous to adjust for registry and other potential confounders such as maternal age prior to performing the multiple comparison procedure. However the large number of analyses involving extremely small numbers of exposures prohibits accurate adjustment for confounders. Therefore the multiple comparison procedure was performed on unadjusted results. Heterogeneity between registries and registry-specific effects are considered in the accompanying paper examining the identified signals in detail [22] .
Strengths and weaknesses
EUROmediCAT is an international population-based database that contains both detailed information on medications taken during the first trimester of pregnancy and detailed coding of all CAs. EUROmediCAT has advantages over other hypotheses generating databases, such a VigiBase ™ , EudraVigilance and FAERS that rely on spontaneous reports. These other databases have more limited coding for CAs, cannot distinguish between chromosomal and non-chromosomal CAs, are not able to identify first trimester exposures and are vulnerable to disproportional spontaneous reporting, for example caused by media attention.
A potential weakness of EUROmediCAT is lack of information on duration, dose of medication exposure and adherence. A study using additional data sources found that there was a high degree of agreement between the medication actually used and that recorded in one EUROmediCAT registry [35] . There is considerable heterogeneity in exposure between the registries, which is likely to reflect true registry differences as well as differences in reporting. The data cleaning attempted to ensure only actual exposures are included, at the risk of missing some exposures, which will have the effect of reducing the power to detect true associations, due to fewer cases, but should not produce biased estimates. A large proportion (84%) of the Polish CA registrations were excluded following data cleaning since we could not be sure that exposures occurred in the first trimester of pregnancy. Similar distributions of CAs were observed in excluded and retained registrations, but bias could have occurred.
The non-chromosomal malformed controls utilized could lead to potential underestimation of effect size when part of the control group is related to the medication investigated. This process is also known as 'masking'. It could be considered to exclude known associations in future EUROmediCAT signal detection algorithms once a clear definition can be provided for 'known associations'. Additionally, artefacts such as confounding by indication (for example diabetes in the mother is a risk factor of congenital heart disease in the foetus, with the consequence that antidiabetic medication exposure is expected to be associated with congenital heart disease) can also lead to masking.
Evaluation of the signal detection system
The detection of eight associations involving anti-epileptics (including two for valproic acid) and 14 involving insulin (a marker of maternal diabetes which is well established to be teratogenic) provides evidence that this methodology will detect some known teratogens. However it does not provide any measure of how many teratogens are not detected and the reasons for the lack of detection. Theoretical considerations would lead us to predict that teratogens will be more likely to be missed if exposure levels are very low, or the relative risk low, or they are non-specific in the type of congenital anomalies caused. To look at this quantitatively a definitive set of medication anomaly associations should be identified and the proportion detected calculated. However it is difficult to identify 'known' medication anomaly associations. A recent comprehensive review highlighted the lack of evidence available for the teratogenic risk of medications commonly used in pregnancy [21] . Only eight associations with considerable evidence were able to be selected objectively to evaluate the system. Two of four concerning valproic acid were identified as signals by the system using 50% FDR. Two signals (for phenytoin and oxprenolol) could not be tested in the EUROmediCAT data as there were insufficient exposed cases. This is likely to be due to the fact that the teratogenic effect of these medications is known and so their use in pregnant women has been reduced and it is therefore not a weakness of the signal detection system. This may also explain why naproxen (with only 28 exposures) was not statistically significant in our study. Two signals with valproic acid were not identified as signals despite having a considerable number of exposures in the database, but other anomalies more strongly associated with valproic acid were picked up as signals. Progesterone was not picked up as a signal although another sex hormone signal was identified. This gives an indication of the potential weakness of the system. Not all associations will be detected and it may be that the FDR of 50% should be even higher in future analysis in order to identify more signals. This would need to be balanced against the time and resources needed to explore the new signals identified [22] . No signal detection system will identify all associations using this specific methodology. More targeted studies can be performed on specific anomaly medication combinations with prior hypotheses. Hence the other EUROmediCAT workpackages [36] analyzing individual medication groups using different methodology and different data sets were important to identify other associations.
In conclusion data on medication exposure in European CA registers can be analyzed systematically using the FDR to determine a manageable set of potential associations for further investigation. This methodology was able to identify some known teratogens, but not all. The value of the new associations identified is determined in a separate paper [22] . The signals identified could be valuable in prioritizing efforts for conducting hypothesis-driven studies.
